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Cerebellar Processing Common to Delay and Trace
Eyelid Conditioning
Hunter E. Halverson,1 XAndrei Khilkevich,1 and XMichael D. Mauk1,2
1Center for Learning and Memory and 2Department of Neuroscience, University of Texas, Austin, Texas 78712
Results from previous lesion studies have been interpreted as evidence that the cerebellar cortex plays different roles for delay and trace
conditioning of eyelid responses. However, the cerebellar cortex is organized by parasagittal stripes of Purkinje cells (PCs) that converge
onto common deep nucleus neurons and receive common or related climbing fiber inputs. Based on this organization, we hypothesized
that cerebellar tasks involving the same response system, suchasdelay and trace eyelid conditioning,would engage the samePCsand that
the relationships betweenPCactivity and expressionof behavioral responseswouldbe similar for both tasks. To test thesehypotheses,we
used tetrode recordings from eyelid PCs in rabbits during expression of delay- and trace-conditioned eyelid responses. Previous record-
ing studies during delay conditioning described a strong relationship between eyelid PC activity and the kinematics of conditioned eyelid
responses. The present results replicate these findings for delay conditioning and show that the same relationship exists during trace
eyelid conditioning.During transitions fromdelay to trace responding, the relationshipbetweeneyelidPCs andbehavioral responseswas
relatively stable.We found that an inverse firing ratemodel tuned to predict PC activity during one training paradigm could then predict
equally well the PC activity during the other training paradigm. These results provide strong evidence that cerebellar cortex processing is
similar for delay and trace eyelid conditioning and that the parasagittal organization of the cerebellum, not the conditioning paradigm,
dictate which neurons are engaged to produce adaptively timed conditioned responses.
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Introduction
Pavlovian eyelid conditioning has proven useful for analyses of
neural mechanisms of learning and information processing in
brain regions such as the hippocampus, cerebellum, and prefron-
tal cortex. Delay and trace eyelid conditioning differ only in the
relative timing of the stimuli: for delay conditioning, the condi-
tioned stimulus (CS) and unconditioned stimulus (US) overlap
in time, whereas trace conditioning involves a temporal gap be-
tween CS offset and US onset. Even so, there are important dif-
ferences in the involvement of forebrain structures (Christian
and Thompson, 2003). Although the cerebellum is necessary for
both, lesions in various forebrain regions affect trace but not
delay conditioning (Solomon and Moore, 1975; Berger and Orr,
1983; Woodruff-Pak et al., 1985; Solomon et al., 1986; Moyer et
al., 1990; Kalmbach et al., 2009, 2010a).
Recent studies provide a straightforward mechanistic expla-
nation for the forebrain dependence of trace eyelid conditioning.
Using stimulation of mossy fibers as the CS, Kalmbach et al.
(2010b) established that cerebellar learning requires that CS-
activated mossy fiber inputs overlap in time with climbing fiber
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Significance Statement
A variety of evidence from eyelid conditioning and other cerebellar-dependent behaviors indicates that the cerebellar cortex is
necessary for learning and proper timing of cerebellar learned responses. Debates exist about whether trace eyelid conditioning
data show that fundamentally different mechanisms operate in the cerebellum during tasks when input from the forebrain is
necessary for learning.We showhere that learning-related changes in a specific populationofPurkinje cells control the timing and
amplitude of cerebellar responses the same way regardless of the inputs necessary to learn the task. Our results indicate the
parasagittal organization of the cerebellar cortex, not the complexity of inputs to the cerebellum, determines which neurons are
engaged in the learning and execution of cerebellar-mediated responses.
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inputs activated by the US. Subsequently, Kalmbach et al. (2011)
showed that twomossy fiber inputs, one lasting the duration of a
CS and one persisting into the trace interval, were sufficient for
the cerebellum to acquire responses with properties that quanti-
tatively match trace eyelid responses with a traditional tone CS.
Combined, these findings suggest that the necessary forebrain
contribution is to provide the cerebellum with a mossy fiber in-
put that persists into the trace interval to engage cerebellar learn-
ing (Clark and Squire, 1998; Siegel et al., 2012). Therefore, from
the cerebellum’s perspective, this persistent input transforms
trace conditioning into delay conditioning such that common
cerebellar mechanisms would operate in both paradigms
(Kalmbach et al., 2010b, 2011; Siegel et al., 2012). This view is
supported by studies showing that inactivation of cerebellar cor-
tex produces parallel effects during delay and trace eyelid condi-
tioning on the expression and timing of conditioned responses
(CRs) (Kalmbach et al., 2010a).
This explanation is challenged by studies showing that cere-
bellar cortex lesions do not affect the acquisition or properly
timed expression of trace eyelid responses and observations that
different parts of the cerebellar cortex may mediate trace versus
delay (Woodruff-Pak et al., 1985, 2006; Kishimoto et al.,
2001a,b,c; Brown et al., 2010). In contrast, cerebellar cortex le-
sions prevent acquisition and affect the timing of already learned
delay responses (Perrett et al., 1993; Perrett and Mauk, 1995;
Garcia and Mauk, 1998; Garcia et al., 1999). These findings have
been interpreted as evidence that cerebellar cortex contributions
and mechanisms differ for delay and trace eyelid conditioning
(Takehara-Nishiuchi, 2018).However, this view seems to contra-
dict the parasagittal zone organization of cerebellar cortex, where
zones control a specific response system (Eccles et al., 1967; Ek-
erot and Larson, 1979; Groenewegen et al., 1979). If correct, this
view also requires new ways to think about cerebellar learning
under varied circumstances.
Purkinje cells (PCs) provide the output of cerebellar cortex
and previous studies established that learning-dependent de-
creases in eyelid PC activity control the kinematics of delay CRs
(Halverson et al., 2015a). To address the conflicting views of
cerebellar involvement in trace conditioning, we have recorded
eyelid PC activity during delay and trace conditioning. We find
that the relationship between eyelid CRs and PC single-unit activity
share common properties across delay and trace conditioning. An
inverse firing rate model revealed that the correspondence between
learning-related activity in PCs and kinematic properties of eyelid
CRs did not differ for delay and trace conditioning. Instances where
the same PC was recorded during the transition from delay to trace
conditioning showed that the PCs relate to the behavioral responses
similarly for delay and trace conditioning. These data support the
hypothesis that trace and delay eyelid conditioning engage the same
PCs and that the cerebellar cortex operates under similar rules for
delay and trace eyelid conditioning.
Materials andMethods
Subjects
The subjects were three male New Zealand albino rabbits (Oryctolagus
cuniculus; Myrtle’s Rabbitry) weighing 2–3 kg at experiment onset.
Treatment of rabbits and surgical procedures were in accordance with
National Institutes of Health guidelines and an institutionally approved
animal welfare protocol. All rabbits weremaintained on a 12 h light/dark
cycle.
Surgery
One week before the start of recording, rabbits were removed from the
home cage and anesthetized with amixture of acepromazine (1.5mg/kg)
and ketamine (45 mg/kg). After onset of anesthesia, animals were placed
in a stereotaxic frame and maintained on isoflurane (12% mixed in
oxygen) for the remainder of the surgery. Under sterile conditions, the
skull was exposed with a midline incision (5 cm) and four holes were
drilled for screws that anchored the head bolt in place. The animal’s head
was then positioned with lambda 1.5 mm ventral to bregma and a crani-
otomy was drilled out at 5.9 mm posterior and 6.0 mm lateral to lambda
for cerebellar cortex. The skull surface was marked and skull fragments
were carefully removed from the craniotomy along with the dura matter
under visual guidance. A custom-made hyperdrive array (12 or 16 te-
trodes, two references) fitted with an electronic interface board (EIB-54
or EIB-36-16TT; Neuralynx) was implanted in the left anterior lobe of
the cerebellar cortex at 17.8 mm ventral to lambda. Final ventral place-
ment of tetrodes during surgerywas between 1 and 2mmabove the target
coordinate to allow advancement of the tetrodes to the target. The cortex
hyperdrives were positioned at a 40° angle caudal to vertical to avoid the
cerebellar tentorium. This region of the cerebellum has been shown to be
involved in acquisition and expression of well timed eyelid CRs in rabbits
(Garcia et al., 1999; Green and Steinmetz, 2005; Ohyama et al., 2006;
Kalmbach et al., 2010a; Halverson et al., 2015a). The bundle cannula of
the hyperdrive was lowered to the surface of the brain and the craniot-
omy was sealed with low-viscosity silicon (Kwik-Sil; World Precision
Instruments). A screw attached to an insulated silver grounding wire
(0.003 inches bare, 0.0055 inches coated; A-MSystems)was then screwed
into the skull. The silver wire was also attached to the ground channel of
the EIB with a gold pin. The head bolt, screws, and hyperdrive were
secured with dental acrylic (Bosworth Fastray, Pink; Harry J. Bosworth
Company) and the skin was sutured where the skull and muscle were
exposed. Finally, two stainless steel stimulating electrodes were im-
planted subdermally caudal and rostral to the left eye. Rabbits were given
analgesics and antibiotics for 2 d after surgery and monitored until fully
recovered.
Recording and unit isolation
Each independently movable tetrode was composed of four nichrome
wires (12mdiameter; Kanthal PalmCoast) twisted and partiallymelted
together to form a tetrode. Individual wires of each tetrode were con-
nected to the EIB with gold pins and all four wires of the reference
tetrodes were connected to a single reference channel of the EIB. Each
tetrode was gold plated to reduce final impedance between 0.5 and
1.5 M (1.0 M targeted) measured at 1 kHz (impedance tester IMP-1;
Bak Electronics). Tetrodes were placed over the left anterior lobe and
advanced to within 2.0 mm of the target during surgery using stereotaxic
guidance. Tetrodes were then lowered in 40–80 m increments during
turning sessions (1 h) until at least one stable single unit was identified;
therewere oftenmultiple units on a single tetrode. After turning sessions,
tetrodes were allowed to stabilize for at least 24 h and units were checked
again before recording and behavioral training commenced. Putative
PCs were initially identified by their higher baseline firing rate relative to
other cerebellar cortical interneurons and later confirmed by identifying
complex spikes during cluster cutting (Fig. 1B,C) (Halverson et al.,
2015a). Recordings were done once a single unit was identified and stable
without knowledge of the origin of its climbing fiber input. Single units
were initially isolated from the multiunit recording based on consistent
differences in peak amplitudes of the waveforms across the four channels
of the tetrode (Fig. 1B). Putative PCs were then examined using the late
peak or late valley feature of the waveforms. Complex spikes separated
into an additional cluster in these late parameters, which then formed
two clusters from the original one isolated using peak: one containing the
simple spikes and the other the complex spikes (Figure 1B,C). All PC
recordings demonstrated spontaneous complex spikes that were verified
with a complex spike-triggered average of simple spikes to confirm the
characteristic 20–30 ms pause in simple spikes after a complex spike
(Halverson et al., 2015a). Eyelid PCs were identified by the presence of
short-latency (8–15ms after US onset) US-evoked complex spikes in the
peristimulus histogram/raster plot and continuous multiunit recording
(Fig. 1E,F ). The stimulus artifact from the US may have obscured our
ability to identify complex spikes specifically during the stimulus pulses
spaced at 10–12 ms intervals after US onset. This could partially inhibit
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our ability to identify all US-elicited complex spikes, but would not pre-
vent classifying a PC as eyelid or not because the US would often evoke a
burst of three or more complex spikes on a paired trial. PC single units
that did not pass these confirming steps for placement in the eyelid region
of the cerebellar cortex were designated as non-eyelid recordings and
were not analyzed further. All PCs included in the analysis had confirmed
spontaneous complex spikes (Fig. 1D) and all units were held throughout
the entire session. Any recording that was lost during a recording session
was not included in the analysis.
Neuronal signals were first preamplified at unity gain. The signals were
then fit to a window between 250 and 2000 V and band-pass filtered
(0.3–6 kHz; Neuralynx). Neural signals that exceeded a channel ampli-
tude threshold were digitized and stored at 32 kHz (Cheetah system;
Neuralynx). Custom interactive cluster cutting programs were used to
isolate and identify single units.Waveform characteristics were plotted as
a 2D scatter plot of one wire of the tetrode versus another in terms of
energy, peak, and valley measures. The energy measure represents the
square root of the sumof the squared points for the entire waveform. The
peak measure is the maximum height (positive amplitude) of the wave-
form. The valleymeasure is themaximumdepth (negative amplitude) of
the waveform. For recordings in cerebellar cortex, late peak and valley
features, defined as the maximum peak or valley during the last five
points of the 32 points that make up each waveform, were also used to
identify the later component of the complex spikes from the earlier peak
of the simple spikes.
Conditioning procedure
Conditioning experiments and recordings were done in custom training
chambers (89 64 49 cm). Rabbits were placed in a plastic restrainer
and the ears were stretched over a foampad and taped down to limit head
movement. An adjustable infrared emitter/detector was secured in place
with the head bolt and aligned to the middle of the left eye. The infrared
emitter/detector measured upper eyelid position by converting the
amount of emitted infrared light reflected back to the detector, which
increases as the eyelid closes, to a voltage. The signal was amplified to
yield a signal that was linearly related to upper eyelid position (0.1
mm). The eyelid position detector was then calibrated before each train-
ing session by delivering a test US to elicit maximum eyelid closure (6.0
mm). The corresponding voltage deflection (6 V) was then divided by
6 mm to obtain a mm/V calibration. Each training chamber was also
equipped with a speaker connected to a stereo equalizer and receiver,
which were connected to a computer that generated the tone CS. The CS
used during training was either a 1 or 9.5 kHz sinusoidal tone (85 dB),
which ramped at onset and offset with a 5 ms time constant to avoid
audible clicks from the speaker. To deliver the US, leads from a stimulus
isolator (Model 2100; A-M Systems) were attached to electrodes caudal
and rostral to the eye. The US was eyelid stimulation, which consisted of
trains of 1 ms current pulses delivered at 100 Hz for 50 ms with the
intensity adjusted for each animal to be just above threshold to elicit a full
eyelid closure (between 0.8 and 1.5 mA, depending on the condition of
the implanted wires).
Stimulus presentation was controlled by custom software operated on
aWindowsXP-based computer. To permit temporal alignment of neural
and behavioral responses, digital timing pulses were generated by the
computer controlling stimuli and measuring behavior and were sent to
the digital input port on theDigital Lynx acquisition system (Neuralynx).
During initial paired delay conditioning, the tone CS was 550 ms, which
coterminated with the 50 ms eyelid stimulation US, which produced an
interstimulus interval (ISI) of 500 ms. All rabbits were initially trained
with delay conditioning at ISI 500. Trace conditioning sessions consisted
of the same 1 kHz tone presented for 500 ms with a 500 ms stimulus free
trace interval ending with the same 50 ms eyelid stimulation US. The
same frequency tone CS was used intentionally for both delay and
trace conditioning to determine how eyelid PCs would respond during
the transition from delay to trace conditioning and also to confirm if the
timing of the learning-related changes would also shift as trace CRs
emerged. Two rabbits were also trained at ISI 1000with a 9.5 kHz toneCS
and then switched to trace conditioning with the 1 kHz tone to examine
eyelid PC responses during CRs trained at the same interval. Each train-
ing session consisted of 12 nine-trial blocks (108 trials), with each block
starting with a CS-alone trial followed by eight paired CS–US trials. The
mean intertrial interval was 30 s with a range of 20–40 s.
Data analysis
After cluster cutting, all subsequent data analysis was performed using
custom-written scripts in MATLAB (The MathWorks).
Eyelid data analysis. For each trial, 2500 ms of eyelid position (200 ms
pre-CS, 2300 ms post-CS) were collected at 1 kHz and at 12 bit resolu-
tion. Data were stored to a computer disk for subsequent offline analysis.
Eyelid position data were passed through a low-pass filter. Response
measures calculated for each trial included CR amplitude, latency to CR
criterion, and latency to CR onset. CR amplitude was defined as the value
of eyelid position from the baseline at the time ofUS onset. Latency toCR
criterion was defined as the time point at which the CR reached the
0.3 mm criterion to be designated as a CR. Latency to CR onset was
determined using a custom-written two-step algorithm. The first step
was designed to detect the initial deflection away from the pre-CS base-
line; the second step used linear interpolation to determine the exact time
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Figure1. Recordings from cerebellar cortex and classification of eyelid PCs.A, Sagittal section of cerebellar cortex showing the final location (red dots) of tetrodes that recorded eyelid PC activity.
Themajority of eyelid PC recordingswere taken in close proximity (240m),which produced overlap in the indicated locations.B, Example cluster cuttingwindowplotted as peak to peak showing
a single unit (green) isolated from themultiunit recording (black). C, Isolation of complex spikes (red) and simple spikes (green) from the original cluster cut inB using the late peak parameter. The
color-codedwaveforms on the four channels of the tetrode are also shown for each cluster.D, Multiunit continuous recording froma singlewire of a tetrode showing the simple (green) and complex
(red) spikes from a PC identifiedwith the cluster cuttingmethod inB and C. E, Peristimulus histogram (10ms bins) and raster plot of the complex spikes from an eyelid PC recording during an eyelid
conditioning session. The raster plot is arranged sequentially with the first trial on the bottom. This recording was classified as an eyelid PC based on the identified complex spikes being elicited by
the eyelid stimulation US (arrow). F, Multiunit continuous recording from a single wire of a tetrode showing simple (green dots) and complex (red dots) spikes from an isolated eyelid PC during a
single trace conditioning trial when the rabbit showed a CR. The gray line represents the 500 ms tone CS; dark gray line represents the 50 ms US.
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of CR onset. For further analyses, eyelid trajectories were truncated at US
onset to exclude noncerebellar influence on the eyelid movement.
Single-unit data analysis. Instantaneous firing rate of each single-unit
recording was estimated on every trial using a one-sided Gaussian kernel
with a 25 ms SD window. We chose to use a one-sided Gaussian to
prevent neural responses related to the US from contaminating unit
activity during the CS in delay conditioning or trace interval in trace
conditioning. For every PC unit, the firing rate was normalized by the
value of the baseline firing rate during 1500 ms of pre CS activity.
Linear inverse model analysis. We applied a linear inverse model ap-
proach to study the relationship between eyelid PC simple spike firing
rate and CR kinematics during delay and trace training sessions. The
linear model was constructed in the following way:
rt  a  y t  t  b  y˙  c  y¨ t  t  rc
Where yt, y˙t, and y¨t are eyelid position, velocity and acceleration,
respectively, as a function of time, r(t) is eyelid PC firing rate,t is a time
lag, a–c are linear regression coefficients, and rc is the baseline firing rate
value before the CS. The analysis described belowwas done only on trials
with CRs present. For every session, 75% of CR trials were used for the
regression procedure to find the linear coefficients a–c, also referred to as
position, velocity, and acceleration weights. The fitting was repeated for
the allowed range oft, the lag time, along with the corresponding linear
coefficients that produced the best fit were chosen. Then, to avoid over-
fitting, a separate 25% of trials were used to test the accuracy of the
prediction using parameters estimated from the first 75% of CR trials.
The process was repeated four times, each time shifting which trials were
used as fit data and test datasets. Both fitting and prediction parts were
done using eyelid position, velocity, acceleration, and PC firing rate time
profiles averaged through the corresponding fit or test trials. Before fit-
ting, average eyelid position, velocity, and acceleration profiles were nor-
malized to have the difference between maximum and minimum values
equal to one, this made it possible to compare their weights directly.
Accuracy of the inverse model prediction was measured only on test
trials. Reported R 2 values and weights are averages across the four itera-
tions unless noted otherwise. Fitting procedure was performed using the
lsqnonlin MATLAB function.
Tracking individual eyelid PCs for consecutive days. There were in-
stances where the pattern of activity on an individual tetrode provided
evidence that the same PC single unit was being recorded for a number of
consecutive days (sessions). Single units were putatively classified as the
same unit on consecutive days if all of the following criteria weremet: the
recordings came from the same tetrode, the tetrode was not moved be-
tween days, the cluster patterns (and waveforms) were similar across
days, and the ISI histograms were consistent across all days of the record-
ings for a given single unit. Attempting to track single units was done
intentionally to investigate how individual eyelid PCs responded during
both delay and trace eyelid conditioning.
Grouping. To further investigate how eyelid PCs correspond to the
onset and amplitude of eyelid CRs, we performed a grouping procedure.
Trials with CRs from sessions with the same paradigm were combined
and divided into two or three equal subgroups of trials according to CR
onset or amplitude. Because trials with late CR onset are more likely to
have lower than average CR amplitude, we performed an additional step
to disassociate between variance in CR onset and amplitude. Specifically,
the analyses insured that themean values of the unrelated parameter (CR
amplitude for grouping by CR onset analyses) are within a 10% differ-
ence across all groups of CRs. For that, after initial grouping of trials
based on CR variance, we iteratively removed 5% of trials in the group
that had the largest difference from the target parameter (e.g., for group-
ing by CR onset, the group with the smallest mean CR amplitude will
remove 5% of trials with the smallest CRs and the group with largest
mean CR amplitude will remove 5% of the trials with the largest CRs).
This procedure was repeated iteratively until differences between the
mean values of the parameter unrelated to the groupingwere within 10%
across groups. For all grouping analyses, the maximum fraction of dis-
carded trails was within 20%. The number of trials in the non-CR group
was not controlled and was typically low because subjects were well
trained. Subgroup behavioral and neural data were then averaged within
each group and superimposed for each training paradigm. The absence
of overlap in 95% confidence intervals between groups of average behav-
ioral responses and eyelid PC single-unit activity were used as evidence of
reliable separation.
Histology
After the conclusion of experiments, the final tetrode placement was
determined bymaking small marking lesions by passing 10A of anodal
DC current for 10 s through tetrodes that yielded data. Animals were
killed with an overdose of sodium pentobarbital and perfused intracar-
dially with 0.9% saline (1.0 L), followed by 10% formalin (1.0 L).
Heads were postfixed in formalin for at least 3 d, after which tetrodes
were removed and the brains were extracted. Brains were then cryopro-
tected in 30% sucrose in formalin for 3 d, embedded in an albumin
gelatin mixture, and the cerebellum was sectioned using a freezing mi-
crotome at 40 m. Tissue was mounted on slides and stained with cresyl
violet. Sections were then examined to determine the final location of
each tetrode and this depth was compared with depth records from turn-
ing sessions to identify the location of unit recordings (Fig. 1A).
Results
Location and identification of eyelid PCs
We recorded a total of 493 units that were identified as PCs on the
basis of their spiking activity and presence of complex spikes.
Using criteria described in theMaterials andMethods, 46 of these
units were classified as eyelid PCs (see also Halverson et al.,
2015a). These eyelid PCs were recorded on 20 of the 40 total
tetrodes implanted in the three rabbits. The calculated location of
each of the 46 recordings is indicated by the red dots in Figure 1A.
Many dots overlap because of the tight clustering of the recording
locations. These sites were clustered near the primary fissure in
deeper parts of lobules HVI and HV of the anterior lobe, often in
the sulcus that extends most caudally toward the deep nuclei.
Eyelid PC responses during delay and trace conditioning
If the cerebellar cortex operates similarly for delay and trace eye-
lid conditioning, then we would expect that the relationship be-
tween PC responses and eyelid CRs in the two paradigms should
also be similar. Even though previous studies characterized this
relationship for delay CRs (Halverson et al., 2015a), we recorded
PCs during both delay and trace conditioning for the following
reasons: (1) tomakewithin-subject comparisons of PC responses
during expression of delay and trace CRs, (2) to investigate PC
responses during the transition from delay to trace responding,
and, when possible, (3) tomake within-PC comparisons between
delay and trace conditioning when a single cell was held through
enough sessions.
Each rabbit was initially trained using delay conditioning ses-
sions with a 550 ms tone CS paired with a coterminating 50 ms
eyelid stimulation US, yielding an ISI of 500 ms, which, for con-
venience, we will refer to as Delay 500. Delay 500 training con-
tinued until each rabbit achieved a high rate of conditioned
responding (above 80% CRs during a session) and until at least
one eyelid PC(s) was encountered (Fig. 2A, bottom). After Delay
500 conditioning and on a session where at least one eyelid PC
was present, training was switched to trace conditioning (Trace
500/500, indicating a 500 ms tone and 500 ms trace interval).
With additional trace conditioning sessions, robust expression of
trace eyelid CRs was acquired. Trace 500/500 training sessions
continued to record eyelid PCs during robust expression of trace
responses.
In two rabbits, trainingwas then shifted back to delay condition-
ing using an ISI of 1000ms (Delay 1000) and these sessions contin-
ued until eyelid PCs were encountered. Delay 1000 allowed for
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comparisons between eyelid CRs and eyelid PC activity trained to
the same overall interval (1000 ms) during delay and trace condi-
tioning. Then, as before, training was switched back to Trace 500/
500, nowusing a different toneCS frequency to further differentiate
between the two training paradigms and to examine single PC re-
sponses to different inputs. These rabbits were then given several
more Trace 500/500 conditioning sessions to record a sufficient
number of eyelid PCs to make comparisons of their responses dur-
ing asymptotic performance of Trace 500/500 and Delay 1000 CRs.
Relationship between eyelid PC activity and conditioned
eyelid responses
On the transition session fromDelay 500 to Trace 500/500, delay
conditioned eyelid responses and the decreases in PC activity
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Figure 2. A, Examples of eyelid CRs and eyelid PC recordings during the transition fromwell trained at Delay 500 (bottom) to the transition session of Trace 500/500 (middle) andwell trained at
Trace 500/500 (top). The bottom example shows the decrease in PC activity associatedwith expression of well trained CRs during Delay 500. The transition session shows the decrease in PC activity
and CRs associated with the Delay 500 ISI extinguish during the first half of the session. The top example shows how the decrease in PC activity shifts into the trace interval to match expression of
well trained CRs during Trace 500/500. In the peristimulus histograms (10 ms bins) the duration of the tone CS is represented with the gray box and the onset of the eyelid stimulation US is
represented by the dark gray line for this and all subsequent figures. For the behavioral sweeps, blue represents the duration of the tone stimulus and red represents the trace interval. Behavioral
sweeps are aligned trial to trial with the raster plots in each example. B, Instantaneous firing rate (normalized to baseline) of the example PC during the transition session from A. Extinction of the
decrease inPCactivity related to theexpressionof thepreviously trainedDelay500CRsoccurs in the first half of the session (purple trace)during theCSperiod (graybox). PCactivity returns tobaseline
levels after CRs have extinguished in the secondhalf of the session (black trace). C, Average normalized eyelid PC firing rate and kinematic variables of the eyelid CRs duringDelay 500 (orange), Delay
1000 (cyan), and Trace 500/500 (brown). For this and all subsequent figures, the shading around the average lines represents 95% confidence intervals for each kinematic variable and eyelid PC
activity. The dark gray bars represent duration of the CS and the light gray bars represent the trace interval.
Halverson et al. • Purkinje Cell Responses J. Neurosci., August 15, 2018 • 38(33):7221–7236 • 7225
associated with them were both extinguished by the halfway
point of the session (Fig. 2A, middle raster plot). Figure 2B shows
average eyelid PC firing rate for the first half of the transition
session where CRs are present versus the second half of the same
session where Delay 500 CRs have extinguished. As Trace 500/
500 CRs emerged in later sessions, the timing of the CRs and the
associated decreases in eyelid PC activity both shifted later, usu-
ally beginning in the trace interval (Fig. 2A, top), which is char-
acteristic of eyelid CRs with trace conditioning.
Next, we used session averages of eyelid PC firing rate tomake
group comparisons of eyelid PC responses for Delay 500, Trace
500/500, and Delay 1000. Average instantaneous firing rate of
eyelid PCs normalized to the pre-CS baseline, alongwith position
and velocity of eyelid CRs for each training paradigm, are shown
in Figure 2C. The superimposed averages indicate differences in
the responses of eyelid PCs between paradigms trained at differ-
ent intervals closely track the timing of eyelid CRs for Delay 500,
Trace 500/500, and Delay 1000. The shaded regions around the
average lines in Figure 2C represent the 95% confidence intervals
for eachmeasure. These results from average PC and eyelid kine-
matic data are generally consistent with the idea that eyelid PCs
are controlling the timing and expression of eyelid CRs during
both delay and trace conditioning. Subsequent analyses de-
scribed below sought to quantify this further.
Control of CR onset by eyelid PC activity
Eyelid CRs display trial-to-trial variability in the timing of re-
sponse onset, which not surprisingly increases as the ISI in-
creases. This variability introduces a degree of averaging artifact
that can obscure evaluation of how precise the trial-to-trial rela-
tionship is between eyelid PC responses and expression of eyelid
CRs. This trial-to-trial relationship is illustrated visually in Figure
3,A andB, which shows an example eyelid PCwith the raster plot
and behavior with trials shown in chronological order (Fig. 3A)
and again sorted by CR onset latency (Fig. 3B). The red dots in
each row of the raster plots indicate the latency to onset of the CR
on each trial. This trial-to-trial relationship between decreases in
individual eyelid PC activity and trace CR onset appears to be
similar to that demonstrated previously for delay conditioning
(Halverson et al., 2015a).
As one approach to overcome this averaging artifact and to
quantify the relationship between eyelid PC responses and eyelid
CRs, we grouped trials for each training paradigm in separate
groups based on the time of CR onset. Ranges of CR onsets were
chosen to produce three groups (two groups from Delay 1000
because of smaller number of recorded eyelid PCs) with approx-
imately equal numbers of trials. Because CRs with later onset
times are more likely to have smaller amplitude, we added an
additional condition to the grouping procedure, which ensured
that the mean values of CR amplitudes were within 10% differ-
ence across groups. The fourth group containing non-CR trials
represented a smaller dataset as there were usually few non-CR
trials in these sessions. Figure 3, C–E, shows, separately for the
three training paradigms the grouped behavioral and neural data
superimposed. For Delay 500, Delay 1000, and Trace 500/500
conditioning paradigms, eyelid PC activity reliably tracked the
differences between CR onsets. Non-overlap of the 95% confi-
dence intervals of average PC firing rate for each group indicated
significant differences between the timing of decreases in PC ac-
tivity controlling CRs, with different average onset latencies for
all three conditioning paradigms. In all cases, therewas little to no
change in eyelid PC activity for non-CR groups (blue traces). The
significant differences in eyelid PC responses between CRs of
different timing are consistent with the hypothesis that eyelid PC
activity largely determines the presence and timing of eyelid CRs
for both delay and trace conditioning.
Aligning eyelid PC and behavioral responses to CR onset pro-
vides amore direct assessment of how eyelid PC activity relates to
CR timing. Figure 3,G andH, shows superimposed average (Fig.
3G, normalized to baseline; Fig. 3H, average firing rate) eyelid PC
responses for all three training paradigms. In each case, eyelid PC
activity decreases to the same level relative to baseline before CR
onset (Fig. 3G,H). When aligned to the onset time, CR profiles
for Delay 500 and Trace 500/500 show considerable overlap (Fig.
3F). Similarly, the average eyelid PC activity for these two forms
of training are also almost indistinguishable (Fig. 3G). In both
instances, there is a small increase in activity, followed by a de-
crease that precedes CR onset. Delay 1000 CRs have a slower rise
time after CR onset and, similarly, there is a slower decrease in
eyelid PC activity before onset. The pre-CR increase in activity is
also absent, perhaps reflecting that this increase is associated with
CRs with faster rise times. Despite the subtle differences between
Delay 1000 and the other two paradigms, the one feature shared
by all three types of responses is that PC activity falls to80% of
the pre-CR level at the time of CR onset. Indeed, the overlap in
the 95% confidence intervals for all three response types is con-
sistent with no significant differences between groups (Fig.
3G,H). The above data demonstrate strong similarities between
delay and trace conditioning in the relationship between average
eyelid PC activity and the timing of CRs. Changes in eyelid PC
activity also directly relate to CR amplitude during delay condi-
tioning (Halverson et al., 2015a), which we explore next.
Control of CR amplitude by eyelid PC activity
To investigate the relationship between eyelid PCs and CR am-
plitude, we used the same grouping method used for CR onset.
Figure 4, A–C, shows average profiles of eyelid CRs grouped by
CR amplitude, with the corresponding average eyelid PC activity
for each training paradigm. Here, the analyses also ensured that
the mean values of CR onset times were within 10% difference
across groups. Similar to the CR onset analysis, the grouped PC
activity within each of the different training paradigms showed
non-overlap in the 95% confidence intervals, indicating signifi-
cant differences in average PC activity related to CRs with differ-
ent amplitudes. In addition to the averaged grouped analysis, we
also evaluated trial-by-trial relationships between eyelid PC ac-
tivity and CRs to detect possible differences between delay and
trace conditioning that analysis of averaged activity might ob-
scure. We focused on eyelid PCs recorded during expression of
CRs during Delay 1000 and Trace 500/500 sessions to equate for
ISI across groups. The trial-by-trial relationship between CR am-
plitude and eyelid PC activity for two examples is shown in Figure
4D (black 	 Delay 1000, red 	 Trace 500/500). For both Delay
1000 and Trace 500/500, the spike counts for these PCs showed a
strong linear relationship with CR amplitude (r 	 
0.65 for
Delay 1000 and r	
0.63 for Trace 500/500). Analysis was done
on the spike count during the last 500 ms of the ISI (normalized
to the spike count 1000ms before CS onset) versus CR amplitude
on that trial. Points clustered near the y-axis represent non-CR
trials of approximately zero amplitude. Figure 4E shows a sum-
mary for every eyelid PC recording for Delay 1000 (black dots)
andTrace 500/500 (red dots). The relationship between eyelid PC
activity and CR amplitude was indistinguishable between Delay
1000 andTrace 500/500. Average Pearson correlation coefficients
between eyelid PC spike count andCR amplitudewere similar for
both Delay 1000 (r 	 
0.63  0.09) and Trace 500/500 (r 	
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0.62 0.04) and not significantly different between paradigms
(two sample bootstrap test, p 	 0.61, 10,000 repetitions) (Fig.
4F). Themean values of linear regression slopes were also similar
between paradigms (
0.1 0.02 forDelay 1000,
0.081 0.007
for Trace 500/500) and not significantly different (two-sample
bootstrap test, p	 0.34, 10,000 repetitions) (Fig. 4G). These data
show that, at least in terms of CR amplitude, the similarities
between eyelid PC responding in delay versus trace conditioning
are not the result of averaging artifacts.
Tracking the same neuron from delay to trace conditioning
In two instances, we were able to follow the same eyelid PC from
delay conditioning through the later sessions of trace condition-
ing, where trace responding was at asymptote. The criteria for
identifying a PC as being the same across sessions was indepen-
dent of its trial-related responses and were based instead on the
across-sessions consistency of the relative cluster location, wave-
form shape across the four tetrode channels, and ISI histograms.
Recordings from the same tetrode were likely from the same PC
across sessions in the cases where each of these variables were
consistent.
One example involved an eyelid PC that was followed from
expression of delay conditioning (Delay 500 well trained; Fig. 5,
bottom) through Trace 500/500 well timed expression of CRs
(Fig. 5, top). Peristimulus histograms, raster plots, and behavior
are shown for five sessions as the rabbit transitioned fromdelay to
trace conditioning. The presence or absence of CRs and their
timing was always accompanied by parallel changes in the re-
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sponses of the eyelid PC. Robust (well trained) delay responding
was accompanied by robust decreases in PC activity. In the tran-
sition session from Delay 500 to Trace 500/500, the extinction of
delay CRs paralleled the disappearance of the decrease in PC
activity. It is unknown whether the early-latency CRs on the next
session after the transition session are due to spontaneous recov-
ery of the extinguished delay responses or the beginning of trace
responding; either way, the responses were accompanied by de-
creases in PC activity at the appropriate time. Finally, in the last
session (Trace 500/500well trained), the robust traceCRs showed
later onsets relative to the earlier onset timing observed during
delay conditioning. The later CR onset timing during trace con-
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ditioning was accompanied by correspondingly later decreases in
the PC activity. To show more clearly the relationship between
decreases in eyelid PC activity andCRs during trace conditioning,
the data from the well trained session is also shown sorted by CR
onset (Fig. 5, top). This example shows that decreases in activity
of a single eyelid PC shifts to match changes in the timing of
conditioned eyelid responses expressed during delay and trace
conditioning.
In a second instance, we were able to follow a single eyelid PC
from expression of Delay 1000 CRs with a 9.5 kHz tone CS
through acquisition and robust CR expression during Trace 500/
500 with a 1 kHz tone CS. Figure 6A shows peristimulus histo-
grams, raster plots, and eyelid responses from four of the eight
recording sessions in which this eyelid PCwas followed. The four
sessions shown in Figure 6A are, from bottom to top, the first
Delay 1000 session, the fourth session of Delay 1000, transition
session fromDelay 1000 toTrace 500/500with a different CS, and
the fourth session of Trace 500/500 conditioning. To illustrate
visually that the relationship between eyelid PC activity and con-
ditioned eyelid responses does not vary for trace versus delay
responses, we plotted a combined raster plot of the PC data from
Figure 6A sorted by CR onset with the onsets of Trace 500/500
responses indicated by red dots and the onsets of Delay 1000
responses indicated by blue dots. For both delay and trace re-
sponses, decreases in eyelid PC activity occur just beforeCRonset
and non-CR trials for each training paradigm are accompanied
by no changes in PC activity (bottom of raster). This PC demon-
strated a similar relationship with behavioral responses across
both paradigms and shows that a single PC exhibits learning-
related decreases to different CSs.
CRs produced from trace conditioning are better timed (show
later latencies to onset and faster rise times) than delay responses
with the same ISI (Kalmbach et al., 2010a). Evidence suggests this
is mediated by the ability of the cerebellum to learn to respond to
persistent inputs and to suppress responding for CS inputs dur-
ing trace conditioning, which helps delay CR onsets after CS
offset (Kalmbach et al., 2009, 2010b). This improvement in tim-
ing is apparent in the example transition fromDelay 1000 condi-
tioning to Trace 500/500 conditioning shown in Figure 6A both
in the behavioral CRs and in the eyelid PC responses. Sorting
these data by latency to CR onset shows the improved timing (of
CRs and eyelid PC responses) from the transition session from
Delay 1000 to Trace 500/500 conditioning (Fig. 7B) to the well
trained trace conditioning session (Fig. 7A). To quantify this
change in CR timing, we calculated separate cumulative proba-
bility distributions of CR onset times for the two delay sessions
versus the two trace sessions from the data shown in Figure 6 (Fig.
7C). A two-sample Kolmogorov–Smirnov test revealed that these
distributions were significantly different (p 0.0001, 	 0.01).
These results demonstrate that this behavioral paradigm pro-
duces a genuine transition from Delay 1000 responding, with its
characteristic poorer timing, to Trace 500/500 responding, where
CRs are more precisely timed at the same overall ISI. The sorted
raster plots in Figure 7,A andB, suggest qualitatively that, despite
the change in CR timing, the relationship between eyelid PC
responses and CRs does not change, consistent with the hypoth-
esis that eyelid PC activity controls CR expression similarly for
trace and for delay conditioning.
Inverse model predictions of PC activity during delay and
trace conditioning
We have demonstrated above that the relationship between
learning-related decreases in eyelid PCs and the onset of CRs and
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Figure 5. Recordings from a single eyelid PC held throughout the 5 d required to transition
from expression of well trained CRs during Delay 500 (bottom) to Trace 500/500 (top). Peris-
timulus histograms (10 ms bins) and raster plots in order of each 108 trial session with the
corresponding eyelid responses are shown. For the behavioral sweeps, blue represents the
duration of the 500ms tone CS and red represents the 500ms trace interval. Data from thewell
trained Trace 500/500 session are shown in order of the session and again sorted by CR latency
(reddots) (top) tomore clearly showthe relationshipbetween thedecreases ineyelidPCactivity
and CRs.
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the correlation between CR amplitude and PC spike count are
consistent across both delay and trace conditioning. Among the
strongest evidence that learning-related changes in PCs control
the expression of conditioned eyelid responses (in delay condi-
tioning) is the tight relationship between eyelid PC activity and
the kinematic properties of CRs. The relationship, or lack thereof,
between eyelid PC activity and trace responses represents a strong
test of how similar or different the cerebellar cortex contributions
are to delay versus trace CRs. This makes the question whether
the relationships between the temporal firing rate profile of eyelid
PCs and the kinematics of the CRs as a function of time are
consistent across delay and trace paradigms of central impor-
tance. We tested this question using an inverse model approach
previously used to model the relationship between PC activity
and behavior in smooth pursuit studies (Medina and Lisberger,
2007, 2009). In the inverse model, the PC firing rate profile is
modeled as a linear weighed sum of eyelid position, velocity, and
acceleration as a function of time in addition to a baseline rate
constant. The weights in themodel (a–c in the equation) relate to
the relative contributions of position, velocity, and acceleration
to the firing rate time profile.
Data used to fit the model and data used to predict PC firing
rate from themodel were each based on separate sets of trials (see
Materials and Methods). The accuracy of the model was deter-
mined by the amount of variance of the actual average eyelid PC
firing rate on test trials that was captured by the prediction. Fig-
ure 8 shows the inversemodel applied to each eyelid PC recording
for Delay 1000 (n	 8) and Trace 500/500 (n	 26). Examples of
individual eyelid PC recordings during Delay 1000 (Fig. 8A) and
Trace 500/500 (Fig. 8B) show the modeling results for the two
example individual units. Average actual eyelid PC firing rate
(brown lines) from different samples of test trials from the ses-
sion, along with the model’s predicted PC firing rate (orange
lines), are shown at the top. The amount of variance of the actual
PC firing rate captured by the prediction is shown for every PC
recorded during Delay 1000 and Trace 500/500 in Figure 8C. The
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inverse model provides accurate predictions of eyelid PC re-
sponses for both Delay 1000 (R2	 0.66 0.08) and Trace 500/
500 (R2	 0.60 0.04). Because the number of test trials used to
generate each prediction was low (mean	 20 per iteration), the
variance not captured by the model likely comes from random
firing rate fluctuations around the mean baseline rate from trial
to trial. Prediction accuracy was not significantly different across
eyelid PC populations from delay and trace paradigms (two-
sample bootstrap test, p	 0.23, 10,000 repetitions).
The eyelid PC firing rate prediction by the inverse model is
based on the linear combination of eyelid position, velocity, and
acceleration time profiles. The eyelid position, velocity, and ac-
celeration contributions are shown at the bottom of Figure 8, A
and B, for Delay 1000 and Trace 500/500, respectively. In each
case, thin lines correspond to different samples of test trials and
the thicker line represents the average across each of the samples.
For both example PCs from delay and trace sessions, eyelid posi-
tion and velocity provide a similar contribution to the predicted
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Figure 6. These two sessions illustrate the improvement in CR onset latency (timing) during the switch from Delay 1000 to Trace 500/500. Note the number of CRs that begin during the CS on the
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firing rate, whereas the acceleration component provides a neg-
ligible contribution. How the corresponding weights are distrib-
uted across eyelid PC populations for both Delay 1000 and Trace
500/500 is shown in Figure 8, D–F. The weights of position, ve-
locity, and acceleration were normalized so that the sum of their
absolute values is equal to one. This normalization allowed for
investigation of possible differences between how eyelid PCs en-
code the kinematics of delay and trace CRs at the same interval.
The scatter plots (Fig. 8D–F) show that, during both delay and
trace conditioning, eyelid position and velocity contributions are
dominant, whereas eyelid acceleration weights are nominal (Fig.
8D–F, all points are scattered around the x-axis for both delay and
trace paradigms). The cumulative probability distributions of
each kinematic variable weight across all recorded eyelid PCs
during Delay 1000 and Trace 500/500 paradigms are shown in
Figure 8, G–I. Although there are variations across individual
eyelid PCs position and velocity contributions, there were no
significant differences in weights of the cumulative distribution
function between delay and trace conditioning (two-sample Kol-
mogorov–Smirnov test, p	 0.82, p	 0.85, and p	 0.94 for Fig.
8, G–I, respectively). These results indicate that, not only do eye-
lid PCs control the kinematics of delay and trace CRs timed to the
same interval (ISI 1000), but the way in which those kinematics
are related to PC activity is indistinguishable across the two train-
ing paradigms.
Inverse model predicts PC activity across delay and
trace conditioning
The ability to accurately predict eyelid PC activity during delay
and trace conditioning based on an inverse firing rate model
provides the foundation for especially strong and direct compar-
isons of cerebellar cortex contributions to delay and trace eyelid
conditioning. If the relationship between eyelid PC activity and
CRs is the same between delay and trace conditioning, then it
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should be possible to obtain weights de-
rived from test trials during delay condi-
tioning to then predict eyelid PC activity
during trace conditioning (and using
trace weights to predict delay) with the
same firing rate model. We implemented
this test for the eyelid PC shown in Figure
6.We believe these data are from the same
eyelid PC held over many sessions, but
this assumption is not necessary to make
the points below.
Following this logic, we first used a
portion of trials from one paradigm
(Trace 500/500 for example) to make a
model fit and then applied the results of
the fit to the test trials within the same
paradigm (Fig. 9A, left) or across para-
digm to Delay 1000 (Fig. 9A, right).
Brown lines in Figure 9A correspond to
the actual average PC firing rate on test
trials, thin lines correspond to each itera-
tion of test trials sampled, and the thicker
line represents the average. Orange lines
are inverse model predictions from the
weights obtained from fit data for posi-
tion, velocity, and acceleration plus a
baseline constant. Figure 9B shows the
same procedure using the inverse model
to predict PC activity during Trace 500/
500 conditioning from the weights ob-
tained from Delay 1000 conditioning
sessions. Across-paradigm predictions of
PC firing rate not only replicated the gen-
eral time course of a learned decrease in
activity, but also captured a large amount
of the actual firing rate variance (R2 	
0.56  0.05 for delay from trace, Fig. 9C,
black bar;R2	 0.63 0.05 for trace from
delay, Fig. 9D, red bar). The ability of the
model to reproduce much of the PC data
across paradigms is especially compelling
given the subtle kinematic differences ob-
served during CR expression of Delay
1000 and Trace 500/500. There was a sig-
nificant difference in the amount of
variance captured by themodel when pre-
dictions were made across paradigms
(two-sample bootstrap test, p  0.001,
black vs red bars in Fig. 9C,D). The across-
paradigm difference was likely due to two
factors. First, as detailed above, the main
difference between Delay 1000 and Trace
500/500 comes from CR kinematics,
which were used to create the predictions
using the inverse model approach. Sec-
ond, the model was able to account for a
large amount of variance for the within-
paradigm predictions in both cases.
Therefore, the across-paradigmdifference
in prediction accuracy is likely a reflection
of the high accuracy of the within-
paradigm predictions combined with the
subtle kinematic differences between the
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two paradigms and not the relationship of PC activity to CRs.
These results provide additional evidence in support of the gen-
eral findings indicating that the relationship between eyelid PC
firing rate and CR kinematics is the same for delay and trace
conditioning.
Discussion
We tested the hypothesis, suggested from certain lesion and
knock-out studies, that the cerebellar cortex is either not involved
with trace eyelid conditioning or, at the very least, that cerebellar
cortex involvement is fundamentally different between delay and
trace eyelid conditioning (Woodruff-Pak et al., 1985; Kishimoto
et al., 2001a,b,c; Takehara-Nishiuchi, 2018). To test this hypoth-
esis, we recorded PC responses from the region of cerebellar cor-
tex known to be necessary for acquisition and properly timed
expression of CRs during delay and trace conditioning (Perrett et
al., 1993; Garcia et al., 1999; Kalmbach et al., 2010a; Halverson et
al., 2015a).We found that eyelid PC responses for both delay and
trace CRs were consistent with the hypothesis that the same PCs,
or at least PCs in the same small region of cerebellar cortex,
control the expression of CRs during both delay and trace
conditioning. The relationship between changes in eyelid PC
activity and the behavioral expression of eyelid CRs is almost
indistinguishable across the two paradigms. These data are in-
consistent with the hypotheses that the region of cerebellar cortex
involvedwith expression of delay CRs is not playing the same role
during trace eyelid conditioning and that the cerebellar cortex is
necessary for delay but not for trace conditioning. Instead, these
data support the hypothesis that learning-related changes in PCs
control the expression of both trace and delay eyelid CRs and the
rules operating in the cerebellar cortex, including whether it is
necessary for learning and expression of CRs, do not differ for
trace and delay conditioning. Combined with previous results
(Kalmbach et al., 2009, 2010b), the present results suggest that
the main difference for the cerebellum between delay and trace
eyelid conditioning is the complexity of themossy fiber inputs. In
delay conditioning with an auditory CS, the necessary CS input is
driven by the medial auditory thalamus projection to pons (Hal-
verson and Freeman 2006, 2010; Halverson et al., 2008, 2010,
2015b), whereas in trace eyelid conditioning, there is an addi-
tional input conveying persistent responses to pons via forebrain
or thalamic structures. Although this difference can account for
the better timing seen in trace CRs, it does not require fundamen-
tally different cerebellar processes or learning rules.
One subtle difference was apparent in the eyelid PC responses
forDelay 1000 versus bothDelay 500 andTrace 500/500. InDelay
500 andTrace 500/500, where CR velocities are somewhat higher,
there was a small increase in PC activity just after CS onset and
before CR onset (Fig. 2C). This increase was not seen in eyelid PC
responses during Delay 1000. Previous work involving both em-
pirical data and simulations of the cerebellum suggested that in-
creases in PC activity early in the CS may improve timing by
actively suppressing activity in the deep cerebellar nuclei (Medina
et al., 2000). The absence of an initial increase in eyelid PC activity
duringDelay 1000may relate to the poorer timing observedwhen
rabbits are trained at longer ISIs relative to Delay 500 and Trace
500/500 (Kalmbach et al., 2010b).
The initial suggestion that cerebellar cortex is not necessary
for trace conditioning originated from an experiment showing
large aspiration lesions of cerebellar cortex had no effect on CR
expression during trace conditioning (Woodruff-Pak et al.,
1985). Early on, similar conclusions were drawn for delay eyelid
conditioning based on studies reporting that lesions of cerebellar
cortex failed to produce shifts in CR latency or completely abol-
ished CRs (Yeo et al., 1984, 1985a; Lavond and Steinmetz 1989;
Yeo and Hardimann 1992; Clark and Lavond 1994; Attwell et al.,
1999). Later, lesion and inactivation studies revealed a region of
cerebellar cortex more lateral and ventral (between HVI and HV
of the anterior lobe) that is necessary for properly timed expres-
sion of CRs for both delay and trace conditioning and that is
necessary for acquisition and extinction of eyelid CRs for delay
conditioning (Perrett et al., 1993; Perrett andMauk 1995; Garcia
and Mauk 1998; Garcia et al., 1999; Kalmbach et al., 2010a). The
cerebellum is also sufficient to learn eyelid CRs in a trace protocol
when onemossy fiber input is stimulated for the duration of a CS
and the stimulation of a separate mossy fiber input persists into
the trace interval (Kalmbach et al., 2010b). Therefore, for both
delay and trace conditioning, early lesion experiments that failed
to find effects on timing, acquisition, and extinction may have
simplymissed the critical region of cerebellar cortex (Nores et al.,
2000).
The ability to infer cerebellar processes and function from
eyelid conditioning studies, including the necessity of the cere-
bellar cortex, is predicated on the assumption that CRs are driven
solely by cerebellar output. In rabbit, a wide variety of convergent
evidence supports this assumption (McCormick and Thompson
1984; Lavond et al., 1984; Yeo et al., 1985b; Berthier and Moore
1990; Krupa et al., 1993; Krupa and Thompson 1997; Garcia and
Mauk 1998; Choi and Moore 2003; Kalmbach et al., 2010a; Hal-
verson et al., 2015a). The status of this assumption for mouse is
considerably less certain. Although Heiney et al. (2014) demon-
strated that mouse delay eyelid CRs are cerebellar dependent un-
der particular training conditions, other recent studies have
demonstrated that mouse eyelid CRs can be driven by noncer-
ebellar processes (Boele et al., 2010; Sakamoto and Endo 2010;
Schonewille et al., 2011; Siegel et al., 2012). To the extent that this
is true, demonstrations of spared learning in mice with degener-
ating PCs or with deficits in LTD at synapses onto PCs
(Kishimoto et al., 2001a,b,c; Brown et al., 2010; Yang et al., 2015)
may have no bearing on the necessity of these processes in cere-
bellar learning. Such conclusions require additional controls
such as demonstrating that the CRs in thesemice aremediated by
the cerebellum—that they are, for example, abolished by lesions
of cerebellar deep nuclei. Inmany of these studies, the behavioral
attributes of the learning indicate a strong likelihood that the CRs
aremediated by noncerebellar processes and even by nonassocia-
tive processes.
Delay and trace conditioning differ only with respect to the
number of inputs to the cerebellum necessary for learning and
expression of CRs. Based on our eyelid PC recordings, the US
engages the same eyelid region of inferior olive during both delay
and trace conditioning. These climbing fiber inputs then dictate
the PCs that will be involved in the learning and execution of the
CR for any task (trace or delay) involving eyelid responses. In
addition to climbing fiber input, delay conditioning requires
mossy fiber input from the CS, whereas trace conditioning re-
quires an additional persistent input to bridge the temporal gap
(trace interval) between CS offset and the US (Clark and Squire
1998; Siegel et al., 2012). The cerebellum learns to the persistent
input during trace conditioning while at the same time suppress-
ing behavioral responses to the CS (tone) input. This learning
mechanism results in CRs during trace conditioning that show
better timing (i.e., longer latency to onset) relative to delay CRs
trained to the same overall interval (Kalmbach at al., 2011). We
propose that, in rabbit, evidence uniformly supports the hypoth-
esis that both delay and trace eyelid conditioning similarly de-
7234 • J. Neurosci., August 15, 2018 • 38(33):7221–7236 Halverson et al. • Purkinje Cell Responses
pend on the cerebellar cortex. Lesions and reversible inactivation
of the eyelid region of cerebellar cortex produce comparable ef-
fects for both delay and trace eyelid conditioning (Kalmbach at
al., 2010a), climbing fiber inputs determine which area of cere-
bellar cortex controls learning, and the present recordings show
that PCs from this region relate in the same ways for trace and
delay conditioning to the presence, timing, and amplitude of
conditioned responses.
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